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Noise and decoherence due to spurious two-level systems (TLS) located at material interfaces
is a long-standing issue in solid state quantum technologies. Efforts to mitigate the effects of
TLS have been hampered by a lack of surface analysis tools sensitive enough to identify their
chemical and physical nature. Here we measure the dielectric loss, frequency noise and electron
spin resonance (ESR) spectrum in superconducting resonators and demonstrate that desorption of
surface spins is accompanied by an almost tenfold reduction in the frequency noise. We provide
experimental evidence that simultaneously reveals the chemical signatures of adsorbed magnetic
moments and demonstrates their coupling via the electric-field degree of freedom to the resonator,
causing dielectric (charge) noise in solid state quantum devices.
As the complexity of solid state quantum circuits con-
tinues to increase, so do the challenges to both fabrication
technology and materials science[1]. Improved device and
systems engineering has lead to material imperfections
being a dominant source of noise and decoherence, and
further improvements in material properties and a bet-
ter understanding of the underlying materials physics are
needed to make technologies such as large scale solid state
quantum computing feasible[1–3]. The enhanced sensi-
tivity of superconducting qubits and resonators has re-
vealed that materials once considered to be near-perfect
crystals, actually contain sufficient imperfections to be-
have as disordered systems. One unexpected consequence
of the enhanced sensitivity to disorder of quantum de-
vices was their ability to verify detailed predictions of
the Standard Tunnelling Model (STM)[4, 5]. The STM,
originally developed to model the low-temperature acous-
tical and electromagnetic properties of glasses, assumes
the presence of a large ensemble of two-level systems
(TLS) which can absorb energy via their electric dipole
moments, leading to dissipation via subsequent phonon
decay. TLS affect the performance of a many differ-
ent solid state devices including superconducting res-
onators and qubits[3], field-effect transistors[6], single
charge devices[7] and ion traps[8]. Understanding and
removing TLS is therefore important for a wide range of
applications in solid state physics, materials science and
chemistry.
While the origin of these TLS remains elusive, engi-
neering advances have reduced TLS loss to a level where
most remaining TLS are located at or in thin surface ox-
ide layers[9–14]. In this regime the STM fails[15, 16].
Remarkably, measurements of TLS-induced 1/f noise at
low temperatures show an increasing noise ∝ T−(1+µ),
with µ ∼ 0.3 found in both resonators[13, 17, 18] and
qubits[19]. This dependence, clearly different from the
vanishing T 3 dependence of the STM, is a signature of
strong long-range TLS interactions. Furthermore, high
quality (high-Q) resonators typically show a much weaker
power dependence of the quality factor than what is pre-
dicted by the STM[18, 20–22]. This prompted the devel-
opment of a Generalised Tunnelling Model (GTM)[16]
which takes into account strong dipole-dipole interac-
tions between TLS[23], successfully capturing the ob-
served physics.
Despite this success existing models do not give infor-
mation about the chemical nature of surface TLS; some-
thing that is clearly needed for their mitigation. Directly
studying the chemical nature of TLS using established
surface analysis techniques remains extremely challeng-
ing. One reason is that the density of TLS is very small,
<1% of surface sites, and likely comprised of very light
elements[24], weakly adsorbed molecules[25–27] or elec-
tronic defect states[28]. These are easily introduced by
exposing devices to ambient conditions[9, 29], inhibit-
ing the use of many surface analysis techniques[30]. In
constrast to charge TLS, magnetic dipoles as sources
of flux noise originate from a bath of paramagnetic
surface spins[9, 10, 31], and can therefore be identi-
fied by electron spin resonance (ESR) techniques us-
ing sensitive tools derived from solid state quantum
technologies[10, 29, 32]. Identifying TLS that couple
through their charge degree of freedom is much more
challenging due to the lack of direct identification meth-
ods that can reveal chemical fingerprints.
In this work we show that changes observed in noise
and loss measurements of superconducting resonators di-
rectly correlate with ESR data, which reveals important
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FIG. 1. Reduction of noise due to surface spin desorption. a) The extracted noise amplitude A0 in the low power limit, obtained
from the frequency noise spectral density Sy(〈n〉, T, f) = A0(〈n〉, T )/2πf as a function of temperature in two resonators before
and after spin desorption. b) The change in noise amplitude before/after = A0/A˜0 vs temperature. a) and b) are extracted
from the full power and temperature dependence of the measured frequency noise power spectral density in c). c) Frequency
noise power spectral density Sy(f) = Sδν(f)/ν
2
0 at f = 0.1 Hz for the ν0 = 4.6 GHz resonator (see Supplemental for 5.0 GHz
resonator data). Red solid markers are before, and blue hollow markers are after spin desorption respectively. Shaded regions
are a guide for the eye. The inset shows a typical 1/f noise spectral density at 60 mK before (〈n〉 ∼ 200) and after (〈n〉 ∼ 100).
Straight black lines are 1/f . d) The full ESR spectrum measured at 10 mK before and after for the 4.6 GHz resonator, verifying
that a large number of spins have been removed and e) shows the same data zoomed in together with fit to theory (black lines)
and the two hydrogen hyperfine peaks (H1 and H2) indicated together with the free electron peak g = 2.0 (see Supplemental
material). Wide background has been subtracted and curves have been offset for clarity.
new clues about the chemical and physical nature of sur-
face TLS. We further show that desorbing spins with a
simple annealing treatment leads to a reduction of the
frequency noise by almost an order of magnitude (see
Figure 1a and 1b). This also allows us to directly iden-
tify the origin of the TLS responsible for noise as atomic
scale electric dipoles; some of which are comprised of
physisorbed atomic hydrogen[29], while others are asso-
ciated with free radicals. Our results suggest that these
paramagnetic species not only cause a fluctuating mag-
netic environment[10], but also are responsible for dielec-
tric (charge) noise.
EXPERIMENTS
We simultaneously measure the 1/f frequency noise
and dielectric losses as a function of temperature and
driving power (average photon number 〈n〉) of two NbN
superconducting resonators (with frequencies ν0 = 4.6
GHz and 5.0 GHz)[33] patterned on the same c-cut Al2O3
substrate.
The full high sensitivity ESR spectrum is subsequently
obtained at T = 10 mK by measuring the quality factor of
the resonator as a function of applied magnetic field and
the zero field loss is subtracted to obtain the magnetic
field induced loss Q−1b [34]. We then anneal the device
at moderate temperature (300◦C), a technique that has
shown to remove some of the spins native to the surface
of the device[29]. The same noise and loss measurement
protocol is repeated in a second measurement and finally
the ESR spectrum is measured again, confirming the suc-
cessful removal of some of the spins. Throughout this
paper we refer to these two consecutive measurements as
’before’ and ’after’ spin desorption respectively.
The frequency noise is measured in two resonators
using a high precision dual Pound locking technique
adapted from frequency metrology[35] that continuously
monitors the centre frequency of the resonators. Val-
ues for the dielectric loss tangent tan δ0 before and af-
ter annealing are extracted from quality factor measure-
ments at low power, and from an independent measure-
ment of the temperature-dependent frequency shift of the
resonators we find the intrinsic loss tangent tan δi. For
further details see Methods.
3FIG. 2. Mechanism of dielectric (frequency) noise and loss in high-Q superconducting resonators. a) A smaller number of
coherent cTLS (blue) on average separated by a distance rcTLS ∼ 1 µm couple to the oscillating electric field component ~E
of the resonator. Classical thermally activated TLFs (red) in R0 ∼ 80 nm proximity of the cTLS generate noise while other
thermally activated TLFs (grey) contribute to the cTLS line-width and the total density of TLS detected in ESR measurements.
Typical distances between thermally activated TLF (at T ∼ 60 mK) are rF ∼ 100 nm. b) TLF inside the interaction volume of
the cTLS modify the tunneling potential of the cTLS, resulting in the cTLS energy drift. c) The resonantly coupled cTLS have
energy level splittings near the resonance frequency ν0. This splitting fluctuates in time, perturbing the resonator frequency
via its coupling to the electric dipole associated with the cTLS. d) The conceptual representation of the GTM where noise and
loss channels are indicated (see text). The ESR measurement enables identification of TLFs via the new dissipation channel,
indicated by dashed lines, arising when the spins are in resonance with the microwave field.
RESULTS
The main result of this work is shown in Figure 1. In
summary, after annealing and desorption of surface spins
we observe almost an order of magnitude reduction (on
average 9.1 and 8.4 times for the two resonators respec-
tively) in the frequency noise spectral density (Figure
1a-c) for both measured resonators at the lowest temper-
atures.
The reduction in noise is observed together with a re-
duction in number of surface spins. Figures 1d and 1e
display the ESR spectrum measured in-situ after collect-
ing all the noise data, before and after annealing. The
measured ESR spectrum reveals the presence of atomic
hydrogen on the Al2O3 surface originating from water
dissociation[36] and electronic charge states (with a g-
factor of 2.0), likely due to absorption of oxygen radicals
on the surface in accordance with previous findings[9, 29].
An initial density of nH = 2 · 1017 m−2 hydrogen spins is
completely removed and we extract a reduction in spin
density due to the central peak from ne = 0.91 ·1017 m−2
to n˜e = 0.17 · 1017 m−2 spins/m2, a factor of 5.3. The
wide background plateau remained unchanged.
Intriguingly, in contrast to the tenfold reduction in
noise, we find that the intrinsic loss tangent tan δi is only
reduced by 30% after surface spin desorption. For each
resonator we also measured the power and temperature
dependence of the quality factor, from which we also see
only a very small reduction in the loss (see Table I for
exact values).
DISCUSSION
This small reduction in loss but large reduction in noise
can be explained within the framework of strongly inter-
acting TLS and the GTM, which naturally partitions the
TLS as two distinct entities, one predominantly respon-
sible for loss and one for noise. The microscopic pic-
ture is the following. Associated with each TLS there
is a fluctuating dipole d0 that couples to the applied
microwave electric field E from the resonator. Among
the TLS we can distinguish between coherent (quantum)
electrical dipoles (cTLS) that are characterized by fast
transitions between their states and relatively small de-
coherence rates, and slow classical fluctuators (from now
on referred to as TLF) that are characterized by deco-
herence times shorter than the typical time between the
transitions. The picture is sketched in Figure 2a with
typical distances between thermally activated (excited)
cTLS and TLF as inferred from our measurements.
At low temperatures, slow fluctuators weakly coupled
to cTLS mainly contribute to the dephasing of the high
energy cTLS and are responsible for their line-width
Γ2[16, 37]. Slow fluctuators that are located close to the
cTLS, and therefore are strongly coupled, shift the cTLS
energy by an amount larger than Γ2. These fluctuators
create highly non-Gaussian noise that cannot be regarded
as a contribution to the line-width. For resonant cTLS,
having an energy splitting E ≈ ~ν0, the interaction with
a few strongly coupled TLF translates to the energy of
the cTLS drifting in time, as illustrated in Figure 2b and
4c; it is this drift that ultimately generates 1/f noise in
the resonator[16].
The intrinsic loss (at low fields) on the other hand
arises from direct phonon relaxation from the resonantly
coupled cTLS, and depends only on the number of cTLS,
as shown in Figure 2d. Within the framework of the
GTM our experimental findings of a small reduction in
loss and a dramatic reduction in noise imply that desorp-
tion of surface spins did not affect the density of cTLS,
instead the surface spins can be attributed to the TLF.
The conceptual picture of these two separate TLS com-
munities is further supported by additional experimental
findings: for a homogeneous bath of non-interacting TLS
(STM) we expect Qi(〈n〉) ∼ 〈n〉α with α = 0.5. The
observed dependence is much weaker: a fit to a power
law returns α ≈ 0.2 for both resonators before and after
desorption (see Supplementary). On the other hand, for
interacting TLS we do expect a weak logarithmic depen-
dence of the microwave absorption on stored energy in
the resonator[22]
1
Qi(〈n〉) = PγF tan δi ln
(
C
√
|nc|
|〈n〉| + c0
)
. (1)
Here C is a constant, c0 accounts for power-independent
losses, F is a geometric filling factor and Pγ is a nor-
malization factor that depends on the spectral density
of TLF switching rates. In Figure 3 we show that our
data fits very well to this logarithmic power dependence.
Interestingly, we find that Pγ increases after spins were
removed. This implies that the remaining slow fluctu-
ators have a narrower range of switching rates and are
likely different in nature than the spins that were des-
orbed.
Independently, another important indication of the ap-
plicability of our model is given by the analysis of the
temperature dependence of the 1/f noise spectrum. The
interaction gives a vanishing density of states for cTLS
at low energies, P (E) ∝ Eµ with 0 < µ < 1, and this re-
sults in a scaling of the noise spectrum with temperature
Sy(T ) ∝ T−(1+2µ) (for T < hν0/kB). In agreement with
previous studies[13, 17–19] we find µ ≈ 0.3 (see Supple-
mental material), both before and after spin desorption.
This is further evidence that desorption only affects the
number of slow TLF present on the sample.
We now combine all available data to produce a quali-
tative picture (as sketched in Figure 2) of the microscopic
properties of the cTLS and TLF, by taking the GTM be-
yond the original assumptions of identical densities and
dipole moments of cTLS and TLF[16, 18]. The details of
this theory and analysis can be found in the Supplemen-
tal material, here we only summarize the results.
Assuming the dipole moment for resonant cTLS to
be on the atomic scale, d0 = 1 eA˚ ∼ 5D (i.e. simi-
lar to what was previously deduced from spectroscopy
measurements[38, 39]), we arrive at dipole-dipole inter-
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FIG. 3. Resonator quality factor. Inverse internal quality fac-
tor as a function of number of photons in the 5 GHz resonator.
Solid lines are fits to the logarithmic power dependence of
equation (1) for 〈n〉 & 50. Extracted values are reported in
Table I.
action strength U0 ≈ 15 Knm3. Before spin desorption,
we find from the intrinsic loss tangent the cTLS line-
width Γ2 ∼ 20 MHz at T = 60 mK (see Supplemental
material), which translates into the density of resonant
cTLS ρTLS ≈ 15 GHz−1µm−2 in agreement with Ref.
[37], where the authors found ∼ 50 resonant cTLS per
µm2 in the frequency range 3− 6 GHz, i.e. resonant
cTLS are located at a typical distance rcTLS ∼ 1 µm
from each other, similar to the densities found in qubit
tunnel junctions[38].
Next, the measured amplitude of the noise A0 can
be related to the density of thermally activated (fluc-
tuating) TLF and their dipole moment dF . We find
dF
d0
ρF ≈ 5± 4 · 10−3 nm−2. The thermally activated
TLF constitutes a fraction T/W of the total number of
TLF, where W is the bandwidth of the distribution of
TLF energy level splittings. For weakly absorbed spins
it is reasonable to expect thatW ∼ 100 K, limited by the
observed desorption energy. From the total spin density
measured by ESR we have ne + nH ≈ 3 · 10−1 nm−2.
Combining these estimates, assuming all the TLFs are
the observed spins, we have for the density of thermally
activated TLF ρF = (ne + nH)(T/W ) ∼ 2 · 10−4 nm−2
(i.e. thermally activated TLFs are separated by an av-
erage distance rF ∼ 100 nm) and dF /d0 ∼ 30± 25. The
large uncertainty in dF /d0 stems from its strong depen-
dence on the filling factor (∝ F 3) and the volume where
the TLF are situated, which both cannot be accurately
estimated. However, the message of this order of magni-
5tude estimation is that the assumption that all TLS are
the observed spins is indeed plausible. Furthermore, the
dipole moment of a surface TLF is likely larger compared
to that of TLS in the bulk, as would be expected since
the physisorbed and easily desorbed spins are likely to
move larger distances.
After spin desorption the noise amplitude decreases by
a factor ∼ 10, the loss is only reduced by ∼ 30% and
the normalization constant Pγ increases ∼ 65% due to
lower TLF switching rates. From this we can finally find
a corresponding change in the density of TLF before and
after spin desorption
ρF (T )
ρ˜F (T )
=
A0P˜γ tan δi
A˜0Pγ tan δ˜i
= 15.23 and 17.7, (2)
for the two resonators. Here we denote quantities for the
’after’ measurement by the tilde symbol. These values
correlate remarkably well with the change in the total
number of spins in the three ESR peaks (ne + nH)/n˜e =
17.1 (4.6 GHz resonator), and again indicates that spins
contribute to the frequency noise in our high-Q supercon-
ducting resonators and take on roles as slow (mobile[36])
fluctuators.
CONCLUSIONS
Based on the experimental evidence from the loss,
noise and ESR spectrum, all obtained on the same de-
vice, we have found that surface spins that are known to
give rise to magnetic noise in quantum circuits[10, 29, 31]
are also responsible for the low frequency dielectric noise
of the resonator. These spins, remarkably present in
densities also inferred to be responsible for flux noise in
SQUIDs and qubits[31], take on roles as slow classical
fluctuators that cause an energy drift of resonant coher-
ent TLS. Removing a majority of these spins gives an
almost tenfold reduction in dielectric noise.
In our device the observed surface spins constitute
weakly physisorbed atomic hydrogen together with free
radicals (g = 2). We note that the nature of the
g = 2 spins is still not entirely clear. A large portion
can be associated with surface adsorbates, likely oxygen
radicals[9, 29], or other light molecular adsorbents[25,
27]. The remaining fraction of free radicals may be a
result of insufficient annealing or they may be of a differ-
ent chemical or physical origin with much higher desorp-
tion barriers. Another possibility is that the remaining
more robust localised charges and cTLS are intrinsic to
the Al2O3 surface itself[28, 36], more resembling ”bulk”
defects[40]. Nevertheless, our approach reveals a new as-
pect of the noise in solid state quantum devices as we
show that observed magnetic dipoles, with their finger-
print revealed through state-of-the-art surface analysis
using in-situ micro-ESR, couple via the electric field de-
gree of freedom and give rise to dielectric noise.
Quantity Unit Before After Note
Spin density† 1017m−2
0.91 0.17 g = 2
2.0 0 H
F tan δi ×10
−6 10.6 ± 0.15 7.44 ± 0.13 4.6 GHz
10.4 ± 0.27 7.69 ± 0.12 5.0 GHz
PγF tan δi ×10
−6 4.2 ± 0.24 4.9± 0.1 4.6 GHz
5.4± 0.6 6.5± 0.6 5.0 GHz
Pγ
0.39 ± 0.02 0.66 ± 0.02 4.6 GHz
0.52 ± 0.06 0.84 ± 0.08 5.0 GHz
α
0.20 ± 0.024 0.18 ± 0.037 4.6 GHz
0.27 ± 0.02 0.22 ± 0.038 5.0 GHz
2µ 0.64 ± 0.50 0.43 ± 0.21 4.6 GHz
A0/2π 10
−17 2.2± 0.3 · 10
4 2.4 ± 0.4 · 103 4.6 GHz
1.2± 0.4 · 104 1.1 ± 0.3 · 103 5.0 GHz
TABLE I. Extracted parameters from ESR and noise/loss
measurements. For a detailed description of each parame-
ter see Refs. [16, 18, 29] and the supplemental material. †For
the 4.6 GHz resonator. Where indicated, deviations are 95%
confidence bounds or propagated errors thereof from fitting.
Similar physics is expected for a wide range of oxide
surfaces relevant for quantum technologies. The impor-
tance of magnetic moments has previously been widely
overlooked in resonators since electrical dipoles have
been considered the dominating mechanism for dielec-
tric noise. Our results instead indicate that while having
a small influence on power loss, these spins (and their
associated electric dipoles) constitute a major source of
noise and dephasing in modern high coherence solid state
devices by their proximity to coherently coupled reso-
nant cTLS, and our results hint at a connection be-
tween the similar densities found for sources of flux[31],
charge[7, 41] and dielectric noise in quantum circuits.
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METHODS
Sample preparation. Sapphire substrates were an-
nealed in situ at high temperature, 800◦C, for 20 minutes
prior to deposition of 2 nm NbN. After cooling down to
20◦C, an additional 140 nm NbN was sputtered. Res-
onators were patterned using electron beam lithography
(UV60 resist, MF-CD-26 developer, DI water rinse) and
subsequent reactive ion etching in a NF3 plasma. Resist
was removed in 1165 remover followed by oxygen plasma
treatment. Resonator designs were identical to those re-
ported in Ref. [33]. After the first round of noise mea-
surement the same sample was warmed up, shipped from
UK to Sweden, and heated in vacuum to ∼ 300◦C for
15 minutes to desorb surface spins, then shipped back to
the UK, and mounted in the same cryostat with the same
noise measurement setup ∼ 72 hours later. Remarkably,
the detrimental surface spins are not re-introduced even
after this time.
Measurement setup. We used a cryogen-free dilution
refrigerator with a base temperature of 10 mK and a 3-
axis superconducting vector magnet for noise and ESR
measurements. The cryostat was equipped with heav-
ily attenuated coaxial lines, cryogenic isolators and a low
noise high electron mobility transistor (HEMT) amplifier
with a noise temperature of ∼ 4 K. All noise measure-
ments were performed with the leads to the vector mag-
net completely disconnected. Only after completion of
noise measurements the magnet was connected to mea-
sure the ESR spectrum. The plane of the superconduc-
tor thin-film was found to high precision (< 0.1◦) by
applying a small field and carefully tilting the angle of
the applied field while finding the maximum of the res-
onance frequency of the resonators. ESR measurements
were performed by sweeping the magnetic field and mea-
suring the characteristics of the resonators using a vector
network analyser. Noise measurements were performed
using a Pound locking technique[35] that tracks the reso-
nance frequency (and its fluctuations) in real-time. For a
detailed explanation of the technique, see supplemental
material.
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8SUPPLEMENTAL MATERIAL
Model for interacting TLS
Our experiments on noise and loss indicate that inter-
actions between TLS are important. They also demon-
strate that while the spin desorption procedure signifi-
cantly affects the magnitude of the noise it has only a
minor effect on the intrinsic loss tangent. In this section
we discuss the full microscopic model of interacting TLS
and their physical origin that follows from the data.
The fact that surface spin removal has a small effect on
the loss tangent implies that the spins do not contribute
significantly to the loss at high frequency and thus are
not a part of the resonant cTLS ensemble. However, the
reduced noise implies that the spins are a significant host
of the bath of slow fluctuating dipoles (TLF). The ESR
spectrum also indicates that the desorbed spins (both H
and free electron states) can be highly mobile and can
tunnel a long distance, i.e. they can easily serve as the
dominant fraction of slow fluctuating dipoles.
Coherent cTLS are associated with fluctuating dipoles
d0 and are described by the Hamiltonian HTLS =
∆
2 σ
z + ∆02 σ
x characterized by an asymmetry ∆, tun-
neling matrix element ∆0, and σ
a, a = x, y, z are the
Pauli matrices. In the rotated basis, the Hamiltonian
is simply HTLS = ES
z, where E =
√
∆2 +∆20 is the
TLS energy splitting and Sz =
1
2
(cos θσz + sin θσx) with
tan θ = ∆0/∆. The interaction strength is set by the
dipole-dipole interaction scale U0 = d
2
0/εh, where εh = 10
is the dielectric constant of the host medium. As a con-
sequence of this interaction, the TLS density at low ener-
gies is PTLS(E, sin θ) =
P0
cos θ sin θ
(
E
Emax
)µ
, where µ < 1 is
a small positive parameter. Among coherent TLS we dis-
tinguish high, E ≫ kBT , and low E ≤ kBT (thermally
activated) energy TLS. In addition, some TLS can be
(near) resonant with the resonator, E ∼ hν0.
The slow fluctuators are represented by classical
fluctuating dipoles with moment dF , characterized
by switching rates γ with a probability distribution
PF (E, γ) = P
F
0 /γ and γmin ≪ γ ≪ γmax. Such a dis-
tribution for the switching rates appears naturally for
thermally activated tunneling.
The loss in a high quality resonator is caused by
fluctuating dipoles with energies close to the resonator
frequency ν0. In the regime of low temperature,
kBT ≪ hν0, the resonant cTLS have a small dephasing
width due to their interaction with thermally activated
TLS and TLF. This width is given by[1]
Γ2 = ln
(
Γmax1
Γmin1
)
χ
T 1+µ
νµ0
, (S3)
where χ = P0U0
(
ν0
Emax
)µ
≈ tan δi is a dimensionless pa-
rameter, obtained directly from loss tangent measure-
ments, that controls the effect of the interaction on
the resonant cTLS. Γmax1 and Γ
min
1 are the minimum
and maximum relaxation rates of these cTLS respec-
tively. Direct measurements give Γmax1 ≈ 104 s−1 for
the thermally activated cTLS at T ≈ 35 mK[2]. The
precise value of Γmin1 for thermally activated cTLS is
not known. However, the electrical noise data shows
that 1/f noise generated by these cTLS extends to very
low frequencies f ≤ 1 mHz beyond which the dependence
changes. This implies that Γmin1 ≈ 10−3 s−1, such that
ln
(
Γmax1 /Γ
min
1
) ≈ 20.
The total number of resonant cTLS in a volume Vh
(= 2.4 and 2.2 ·10−16 m3 for the two resonators re-
spectively) of host material can then be estimated from
the measured loss tangent as Nres = χU0VhΓ2; their av-
erage distance is rcTLS ∼ (χΓ2/U0)−1/3 in bulk material
and rcTLS ∼ (dχΓ2/U0)−1/2 in a thin film of thickness
d≪ rcTLS .
The noise in the resonator is due to the slow TLF that
interact strongly with these resonant cTLS and create
highly non-Gaussian noise, that cannot be regarded as
a contribution to Γ2. These TLF are located at dis-
tance r < R0, where R
3
0 =
dF
d0
U0
Γ2
. Their switchings
bring the cTLS in and out of resonance with the res-
onator leading to 1/f frequency noise. The number of
thermally activated TLF strongly coupled to a resonant
cTLS is NF (T ) = PF0 4pi3 R30T and their average distance
is rF ∼ (PF0 T )−1/3. If the total number of such fluc-
tuators, N totF (T ) = NresNF (T )≫ 1, the frequency noise
spectrum of the resonator can be expressed as a super-
position of Lorenztians generated by the switching of the
TLF strongly coupled to the resonant cTLS.
In the limit of weak electric field ~E we find that the
noise is given by[1]
Sδν
ν20
=
8
15
〈d40〉
χ
U0Γ2
F(~E)NF (T )
∫ γmax
γmin
γP (γ)
γ2 + ω2
dγ.
(S4)
Here P (γ) = Pγ/γ is the normalized distribution func-
tion of slow fluctuators with Pγ = ln
−1[γmax/γmin] and
F(~E) =
∫
Vh
|~E|4dV
4(
∫
V ε0|~E|2dV )2
≈ F
2
ε2hVh
where we introduced
the filling factor F =
∫
Vh
εh|~E|2dV
2
∫
V ε0|~E|2dV
∼ 0.01 − 0.02 [3]
which accounts for the fact that the TLS host material
volume Vh may only partially fill the resonator mode vol-
ume V . We note that the uncertainty in accurately de-
termining F gives a large range for the possible dipole
moment ratio dF /d0. The ranges given for the quantities
in the discussion on dF in the main manuscript are the
values obtained for the estimated range of the filling fac-
tor. Notice that in this limit the noise spectrum scales
with temperature as ∝ T−(1+2µ). Eq. (S4) gives the 1/f
9noise spectrum
Sδν
ν20
=
A0
2πf
. (S5)
The amplitude A0 can be expressed through the total
number of thermally activated fluctuators N totF (T ) as
A0 ≈ πdF
d0
N totF (T )
[
χF 2Pγ
] ( U0
Γ2Vh
)2
. (S6)
Number of photons
Figure S1a shows the number of photons in the 4.6
GHz resonator vs internal loss (Q−1i ) for the two mea-
surements at two temperatures. Each measurement was
made in the same sample cell using the same microwave
setup, and the initial assumption is that in the two sep-
arate measurements the attenuation in the cryostat was
the same. Each data point corresponds to a 2 dB in-
crement in the applied power, both datasets starting at
the same low applied power. Therefore, the range of
microwave powers applied to the sample is expected to
be the same across both measurements. This is further
validated by the measurement of white noise levels that
are the same (within a factor 2). The white noise level
in these measurements is dominated by the microwave
power incident on the cryogenic amplifier.
The number of photons within the resonator scales
with the loaded quality factor, and therefore also with the
internal quality factor. As discussed in the main text, the
spin desorption leads to an increase in Qi, meaning that
for the same applied microwave power, the number of
photons in the resonator is different between the ”before”
and ”after” measurements. Importantly, the noise scales
with both the number of photons within the resonator
and with Qi. As is consistent with the literature, we cal-
ibrate the applied power such that we compare noise for
the same number of photons within the resonator.
Power dependence of Qi
For consistency we here also provide the analysis of the
quality factor data within the framework of the STM.
Here we expect at strong fields 〈n〉 ≫ nc
Q−1i =
F tan δi
(1 + 〈n〉/nc)α +Q
−1
i,0 , (S7)
where the constant Qi,0 accounts for power-independent
loss and nc is a critical photon number for saturation,
α = 0.5 and F is the filling factor of the TLS host-
ing medium in the resonator. By fitting the measured
Qi(〈n〉) to this power law we find α ∼ 0.2 both before
and after spin desorption. Typical fits can be seen in
Figure S1.
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FIG. S1. Inverse internal quality factor as a function of num-
ber of photons in the resonator for two extreme temperatures
covering those used in all other measurements. Each data
point is an increment in applied power by 2 dB, starting at
the same low applied power. Fits are to equation (S7). Some
of the data is the same as in Figure 3.
ESR-spectrum and spin density
The ESR-spectrum in Figure 1 is obtained by measur-
ing the transmitted microwave signal, S21, around res-
onance as a function of applied magnetic field using a
vector network analyser. All noise measurements were
performed first, making sure the resonator was not poi-
soned by vortices. Once noise measurements were com-
pleted, the superconducting magnet leads were connected
and a magnetic field applied in the plane of the super-
conducting film. The measured microwave transmission
was fitted to[4]
S21 = 1− (1− S21,min)e
iϕ
1 + 2iQ ν0−fν0
, (S8)
to extract the internal quality factor Qi = Q/S21,min.
The parameter ϕ accounts for the asymmetry in the
resonance line-shape accounting for possible impedance
mismatch. The spin-induced loss is then calculated as
Q−1b (B) = Q
−1
i (B) − Q−1i (B = 0). We fit the ESR-
spectrum to a model of two coupled oscillators to extract
the collective coupling, Ω, and line width γ2 (= 1/T2 for
a Lorentzian ESR peak) of the spin system.
S21(ω) = 1 +
κc
i(ω − ω0)− κ+ Ω2i(ω−ωs)−γ2/2
, (S9)
Eq. S9 here describes the central g = 2 peak only and
ω0 = 2πν0 and ωs = gµBB/~ is the angular resonance
frequency and induced Zeeman splitting of the spins re-
spectively, and κ(c) = ω0/Q(c). From the collective cou-
pling Ω we can evaluate the surface spin density based on
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the geometry of the resonator[5]. Comparing the same
resonator before and after annealing also gives a direct
measure of the relative reduction in spin density indepen-
dent of resonator geometry via the observed reduction in
collective coupling of the spins, Ω ∝ √n. In the ’Af-
ter’ measurement we have removed ∼ 2 · 1017 Hydrogen
spins/m2 and the density of g = 2 spins was reduced
5.3 times to ∼ 0.17 · 1017 spins/m2. Figure 1e shows
the good agreement of the ESR data to theory. We note
that the reduction of 5.3 times is larger than previously
observed[5], suggesting that the g = 2 spins have a larger
desorption energy than the hydrogen.
CW power saturation measurements: T1
When evaluating the spin density it is essential to en-
sure that the spin ensemble is not saturated by the mi-
crowave signal in the resonator. To verify this we measure
the ESR-spectrum at a wide set of applied powers and
extract the dissipation into the spin system at the g = 2
peak as a function of circulating power in the resonator.
The result for one such measurement (after annealing,
evaluated for the g = 2 peak) is shown in Figure S2a for
three different temperatures. The method to evaluate
Qs is described in Ref. [5] together with the methodol-
ogy used to extract the spin relaxation time T1 plotted
versus temperature in Figure S2b. Interestingly we find
a T−1 dependence of the relaxation time, a signature of
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FIG. S2. Spin relaxation times. a) CW power saturation mea-
surements at three different temperatures showing the nor-
malised inverse dissipation into the spin system as a function
of circulating power in the 4.6 GHz resonator after annealing.
b) the extracted (from fits) relaxation time T1 as a function
of temperature for the g = 2 peak. Solid line is 1/T .
Lock-in A PID A
Generator A
Phase 
modulator
YIG filter
T
o
 c
ry
o
s
ta
t
DAQ
F
M
Lock-in B PID B
Generator B
YIG filter DAQ
F
MF
ro
m
 c
ry
o
s
ta
t
REF
FIG. S3. Dual Pound-locking measurement setup. For details
see text.
direct spin-lattice relaxation as the dominant mechanism
for spin energy relaxation[6]. Direct phonon relaxation
and a T1 ∝ T−1 dependence is also the dominant mech-
anism for TLS relaxation in amorphous glasses at low
temperatures, well captured by both the STM and the
GTM[1], predicting a similar dominating phonon relax-
ation time in the ms range.
We note that spin desorption does not change T1, while
the electron spin dephasing time T2 inferred from the
transition line-width increases marginally (table I), an
indication of reduced spin-spin induced decoherence, al-
ternatively the remaining spins could be of a different
nature.
Noise measurement setup: Dual Pound locking
The measurement setup we use is a further develop-
ment of the Pound locking technique[7] for microwave
resonators. This modification allows us to simultaneously
measure the frequency noise in two different resonators,
increasing the amount of data collected and allowing for
measurement of correlated noise.
Pound locking is a highly accurate technique to di-
rectly measure frequency noise of microwave oscillators.
This as opposed to measuring the phase noise Sϕ using
a homo/heterodyne technique[8]. The advantage is that
we gain in sensitivity and the measurement does not suf-
fer from additional complications such as the Leeson ef-
fect, and it is especially useful in cryogenic environments,
where homo- or heterodyne techniques suffer from a wide
range of fluctuations, such as in electrical length in each
of the two measurement paths (signal and reference), and
thermal fluctuations. The Pound locking technique in-
stead sends the signal and reference through the same
physical transmission line, where the reference takes the
form of a phase modulated spectrum on top of the sig-
nal, making the measurement insensitive to first order
in any variations in electrical length. The phase modula-
tion frequency is recovered by a non-linear detector (here
a diode) and any deviations in the signal frequency from
the resonator frequency causes a beating at the phase
modulation frequency. This beating is nulled using a
lock-in in series with a PID controller which adjusts the
signal frequency sent out by the microwave generator to
match the instant resonance frequency.
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FIG. S4. Intrinsic loss tangent. Frequency shift of the res-
onators as a function of temperature and fits to Eq. (S10)
(black lines). For both resonators we observe a reduction in
loss tangent upon surface spin desorbtion by 25-30%. Ex-
tracted values for tan δi are shown in Table 1. Curves are
offset for clarity.
Instead of a single Pound loop we here run two loops
in parallel, as shown in Figure S3. Each loop, A and B,
works in the same way as described in detail in Ref. [7],
locked to the 4.6 and 5.0 GHz resonator respectively. The
microwave signals from each loop are combined and sent
through the same transmission line in the cryostat, and
later selectively split to each arm using 7th order tun-
able YIG filters with a bandwidth of 40 MHz tuned to
each respective resonance frequency. This type of multi-
plexed setup in principle allows for an arbitrary number
of Pound loops in parallel without introducing any cross-
coupling and errors in frequency measurement, as long
as the YIG filters can selectively isolate the phase mod-
ulation spectrum from each measured resonator.
The power applied in each Pound loop was carefully
verified using a spectrum analyser and adjusted to be
equal in the two measurements, both for power incident
on the resonators and power incident on the detector
diode.
Loss tangent measurements
To obtain the loss tangent we measure the frequency
shift of each resonator while slowly ramping up the tem-
perature of the cryostat over the course of ∼ 120 min-
utes. The frequency is measured using the Pound-loop.
The loss tangent tan δi is then extracted from fits of the
ν0(T ) data to the STM (and GTM).
δν(T ) = F tan δ
[
Re
(
Ψ(
1
2
+
ν0h
2πikBT
)
+Ψ(
1
2
+
ν0h
2πikBT0
)− ln T
T0
)]
. (S10)
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FIG. S5. Reduction of noise due to spin desorption. Fre-
quency noise power spectral density Sy(f) = Sδν(f)/ν
2
0 at
f = 0.1 Hz for the a) ν0 = 4.6 GHz resonator (same data as
in Figure 1a) and b) the 5.0 GHz resonator. Red solid markers
are before, and blue hollow markers are after spin desorption
respectively. Shaded regions are a guide for the eye.
Here δν(T ) = (ν0−ν(T ))/ν0, Ψ is the di-gamma function
and T0 is a reference temperature. The measured data
and fits to Eq. (S10) are shown in Figure S4. Extracted
parameters are shown in Table I.
Noise analysis
The sampled frequency vs time signal recorded from
the Pound loop is converted to frequency noise spectral
density Sy by calculating the overlapping Allan-variance
σ2y(τ) (AVAR) for M discrete samplings fk(nτ) at multi-
ples n of the sampling rate τ .
σ2y(nτ) =
1
2(M − 1)
M−1∑
k=1
(fk+1 − fk)2 (S11)
For 1/f noise the spectral density Sy(f) = h−1/f relates
to the Allan variance σ2y = 2 ln (2)h−1 via the coefficient
h−1 [9]. The AVAR is evaluated at several time-scales
t = nτ ranging from 20 to 80 seconds, well within the 1/f
noise limit, and the average value for h−1 is obtained with
high statistical significance. Error bars are calculated
from the standard deviation of the multiple evaluations
of the AVAR in the same time interval. Each datapoint
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FIG. S6. Temperature dependence of the noise power spectral
density at 〈N〉 = 8 ± 2 before and 〈N〉 = 4± 2 after surface
spin desorption. Solid lines are fits to Sy(T ) = A0T
−(1+2µ).
Before annealing we find 2µ = 0.64±0.50 while after annealing
2µ = 0.43 ± 0.21. Due to thermal saturation, data points
below 70 mK are excluded from the fit. We also only consider
the low temperature regime kBT < ~ω0 ≈ 220 mK.
in Figure 1 is the result of a 2.8 hours long measure-
ment, collecting 105 samples without interruption at a
rate τ−1 = 10 Hz. Such long measurement times are re-
quired to obtain statistically significant results for h−1
since the 1/f noise in these high-Q resonators is only ex-
ceeding the system white noise level at frequencies below
∼ 1− 0.1 Hz, in particular at high temperatures and low
applied powers and especially in the ’After’ measurement
where the 1/f noise level is significantly lower.
Full data for both resonators measured is shown in
Figure S5.
Temperature dependence of Sy
To extract µ we measure the temperature dependence
of Sy, which in the low power and low temperature limit
is expected to scale as Sy(T ) ∝ AµT−(1+2µ). The low
temperature limit is given by T < hν/kB ≈ 220 mK for
our ν = 4.6 GHz resonator. This measurement and fits
to extract µ are shown in Figure S6. Confidence intervals
given for µ are propagated error bars from the calculation
of Sy. Indeed we find µ > 0 for both measurements and
whilst error bars are relatively large, we conclude that
interaction is still present and µ has not changed by a
significant amount. We do not have data at low enough
photon numbers to accurately evaluate µ for the 5 GHz
resonator.
0 200 400
0.00
0.02
0.04
0.06
0.08
0.10
C
oh
er
en
ce
 (0
.1
 H
z)
Temperature (mK)
 Before Low Power
 Before High Power
 After Low Power
 After High Power
FIG. S7. Uncorrelated noise. The coherence (normalised cor-
relation) at 0.1 Hz between simultaneously measured 4.6 and
5.0 GHz resonators. The measurement shows that the 1/f
noise in each resonator at the time-scale of 0.1 Hz is dom-
inated by local sources at all relevant temperatures. Low
power is equivalent to 〈N〉 ∼ 1 − 10 and high power corre-
sponds to 〈N〉 ∼ 103 − 104.
Correlated noise
To rule out external factors, such as system noise, mag-
netic field or thermal fluctuations, vibrations, and vor-
tices influencing the results we verify that the measured
1/f noise is local to each resonator by measuring their
correlated noise. We evaluate the correlated noise as the
coherence function from the spectral densities
C =
|SAB|2
SAASBB
. (S12)
Here SXY is the cross-power spectral density
SXY =
∫ ∞
−∞
dte−iωt
∫ ∞
−∞
dτνX(τ)νY (t+ τ) (S13)
of frequency fluctuations νA(t) and νB(t), where A and
B denote the two different resonators. Figure S7 shows
the measured coherence C(0.1Hz) as a function of tem-
perature and for the two extreme powers applied to each
resonator, obtained from the same data as in Figure S5.
We observe no correlations at the time-scale of 0.1 Hz
that is relevant for the 1/f noise analysis performed in
this work.
As another control experiment we measured the co-
herence while applying a weak (0.02 mT) external mag-
netic field perpendicular to the superconducting thin-
film plane of the sample at a frequency of 0.2 Hz. The
measured coherence is very strong at this particular fre-
quency and its higher harmonics, as shown in Figure S8.
These measurements clearly verify that we have success-
fully eliminated any common sources of noise and the
dominating contribution to the 1/f noise originates from
noise sources local to each resonator within the entire
measurement space presented in this work.
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